The precipitation state, microstructure, retained austenite stability, and mechanical properties of cold-rolled Ti-microalloyed CMnAlSiP TRIP steel were investigated. The precipitation state was analyzed in each processing step by means of transmission electron microscopy, chemical analysis using the anodic dissolution method, and by model calculations. Ti additions refined the microstructure mainly by the pinning of austenite and ferrite grain boundaries by various Ti-containing precipitates. Ti additions also resulted in a refinement of the size of the retained austenite islands and caused a slight decrease of the volume fraction and carbon content of the retained austenite. The morphology of the retained austenite was also changed and the stability of the retained austenite decreased, but Ti addition still resulted in an adequate strengthductility balance and a tensile strength close to 1 GPa.
I. INTRODUCTION
IN recent years, a considerable research effort has been made in the field of advanced highstrength multiphase steel for automotive applications. The primary aim is to reduce the car weight by an increased use of high-strength steel. [1] TRansformation-Induced Plasticity (TRIP) steel offers promising possibilities for improved passive safety in specific applications, e.g., for B-pillars, which require a superior crash worthiness. Steels containing typically 0.2 pct C-1.5 pct Mn-1.5 pct Si (mass pct) can be processed in such a manner that a triple-phase microstructure and a pronounced TRIP-aided mechanical behavior can be obtained. [2] Past studies have, however, revealed large difficulties in hot dip galvanizing of standard high-Si coldrolled CMnSi TRIP steel. [3] Si is also known to cause a low ductility level in the as-cast condition and an increase in the ductile-to-brittle transition temperature. These are the main reasons to keep the Si content of TRIP steels low. This can be achieved by the partial or full substitution of Si by elements with similar properties. [4] It is well known that Al and P, in addition to being strong ferrite stabilizers, inhibit the formation of cementite during austempering. [1, [5] [6] [7] The CMnSiAlP TRIP steel concept [5] has, therefore, been proposed to achieve a combination of a high tensile strength close to 900 MPa and a total elongation of about 28 pct. For reasons of weldability, the C content has to be kept as low as possible (£0.25 pct). Microalloying with Ti, Nb, or V is one of the methods used to achieve a further increase of the strength of CMnAlSiP TRIP steel, without deteriorating its weldability by an increase of the C content. [8] [9] [10] [11] [12] [13] By doing so, a tensile strength level above 980 MPa, combined with an elongation larger than 20 pct, can be achieved. [14] Nb in solid solution is well known to retard both the recrystallization during hot deformation and the austenite-to-ferrite transformation in CMnSi cold-rolled TRIP steels. In addition, Nb combines with C and N to form small precipitates. These retard recrystallization and grain growth, and result in precipitate strengthening. [9] In addition, Nb has been reported to exert a pronounced influence on the grain size development of both ferrite and austenite and to retard the bainite formation. It increases the C content of the retained austenite, and reduces the martensite start temperature M s . [8, 13] V can also be used to control the transformation behavior of TRIP steels, albeit during the later processing stages due to much greater solubility in both ferrite and austenite compared to Nb and Ti. [15, 16] Ti is a multipurpose alloying element in steels. It is used to stabilize C in interstitial-free steels. [17] Ti readily stabilizes nitrogen during continuous casting by forming TiN, which helps to inhibit the austenite grain coarsening during reheating. Ti present in the form of Ti 4 C 2 S 2 is used to control the sulfide shape and acts as a nucleation site for further TiC precipitation. TiC precipitated during hot rolling by strain-induced precipitation retards static recrystallization (SRX) causing the pancaking of the austenite grains and the refinement of the final ferrite microstructure. [18, 19] Finally, Ti in solid solution has been reported to retard the austenite-to-ferrite transformation. [18] Whereas the role of microalloying in HSLA steels has already been thoroughly investigated, [20] [21] [22] [23] [24] [25] the study of microalloyed TRIP steel is a relatively recent topic of research due to the more complex physical metallurgy of TRIP steels as compared to HSLA steels:
The higher C content of TRIP steels (~0.25 pct) compared to HSLA steels (<0.1 pct) accelerates the kinetic of the carbide precipitation during processing. In HSLA steel the precipitates are formed in a single-phase microstructure. In microalloyed TRIP steel the precipitates are present in a complex triple-phase microstructure. While the tensile strength level of HSLA steels is usually lower than 600 MPa, the tensile strength of microalloyed TRIP steels can easily be close to 1 GPa. During straining, the main strengthening mechanisms are related to dislocation glide in HSLA steels. Microalloyed TRIP steels also experience strain-induced transformation.
The role of Nb and V in TRIP steels has already been investigated extensively. [8] [9] [10] [11] [12] [13] 16] In contrast, the role of Ti-microalloying has received much less attention. The present contribution, therefore, focuses on the influence of Ti on the precipitation state, the microstructure, the retained austenite stability, and the mechanical properties of cold-rolled CMnAlSiP TRIP steels.
A schematic of the hot-rolling process for the Ti-microalloyed TRIP steel is shown in Figure 1 . The various modes of precipitation of Ti-containing precipitates expected to form during rolling are also indicated. TiN precipitation takes place in the liquid phase during the casting process. The TiN precipitates will be present in the matrix and cannot be dissolved during reheating due to the low solubility of TiN in austenite. TiN suppresses the austenite grain coarsening during the reheating. [26] On the other hand, TiN tends to coarsen during hot rolling and does not contribute to the precipitation strengthening. Furthermore, TiN has also been reported to act as nucleation site for austenite recrystallization, which leads to faster recrystallization kinetics.
[27] Ti 4 C 2 S 2 matrix precipitation (MP) can take place during and after reheating. These precipitates have a globular morphology and can be used to control of the sulfide shape.
[28] Ti 4 C 2 S 2 can act as a nucleation site for the subsequent TiC precipitation. TiC or Ti(C, N) precipitates usually form by strain-induced precipitation (SIP) during hot rolling. [28] They retard the static recrystallization of the deformed austenite and this gives rise to pancaking and strain accumulation in the austenite. The ferrite grain size after the transformation of pancaked austenite is much smaller than in the case when successive hot-rolling passes are carried out at temperatures above the non-recrystallization temperature, T nr , when static recrystallization (SRX) takes place between the rolling passes. [27] TiC and Ti(C,N) may also precipitate by transformation-induced precipitation (TIP) during the austenite-toferrite transformation. These precipitates effectively contribute to the further strengthening of the steel. [29] After hot rolling and coiling, the steel is cold rolled and intercritically (IA) annealed in order to obtain a TRIP microstructure. A schematic of the thermal cycle, including the carbon content evolution in the austenite and the precipitation reactions, is shown in Figure 2 . The initial microstructure consists of cold-rolled ferrite and pearlite. In the initial stage of IA, the pearlite transforms to the austenite. The C content of intercritical austenite then decreases to approximately 0.3 to 0.4 pct during intercritical annealing. The intercritical annealing temperature (T IA ) is high enough to ensure further TiC or Ti(C,N) precipitation.
After IA the steel is austempered at the isothermal bainitic transformation (IBT) temperature (T IBT ). The cooling rate between IA and IBT stage is higher than 15 K (À258)/s in order to minimize pro-eutectoid ferrite formation. The IBT results in a further C enrichment of the remaining austenite to about 1.5 pct. [30] TiC or Ti(C,N) precipitation is suppressed during IBT due to the low diffusivity of Ti at T IBT . The final microstructure consists of ferrite, carbide-free bainite, and retained austenite.
II. EXPERIMENTAL
The chemical composition of the laboratory cast steels used for the present work is shown in Table I . CMnAlSiP TRIP steel was used as reference material. The steels were prepared as 100 kg ingots in a Pfeiffer vacuum induction furnace operated under argon gas atmosphere. The ingots were cut in 25-mm-thick blocks, which were reheated to Fig. 1 -Schematic of the thermo-mechanical cycle during hot rolling (left) and the various precipitation mechanisms (right) for Ti-containing precipitates in Ti-microalloyed TRIP steel (P s : precipitation start and P f : precipitation finish). 1523 K (1250°C) for 1 hour and hot rolled in 6 passes to 3.5 mm thickness. The finishing temperature (FT) and coiling temperature (CT) were 1153 K and 873 K (880°C and 600°C), respectively. The hot-rolled sheets were then acid pickled and cold rolled to a final thickness of 1 mm. Tensile specimens with 80 mm gauge length were machined parallel to the rolling direction, and intercritically annealed. After soaking at 1073 K (800°C) for 52 seconds in the intercritical a + c phase range, the samples were quenched in a second salt bath and held at T IBT . T IA was chosen on the basis of Thermo-Calc calculations ( Figure 3 ). An equilibrium phase distribution of 60 pct ferrite and 40 pct austenite was aimed for at the end of the intercritical annealing. T IBT was 733 K (460°C), which corresponds to a typical Zn bath temperature in industrial continuous galvanizing lines. The austempering time was 48 seconds. The microstructure was observed by light optical microscopy (LOM) after LePera etching, [31] and the color-etched micrographs were used to determine the grain size of ferrite. In order to measure the grain size of retained austenite, a double-etching technique was applied. The samples were immersed in a 10 pct aqueous sodium metabisulfite solution for 10 seconds, followed by etching using the Klemm's reagent for 60 to 90 seconds. Using this etching technique, retained austenite appears with a white contrast and the other constituent phases are dark. The appropriate expression for the particle size of irregular shape is the mean intercept length. The length of test lines with a defined distance from each other was measured at three different angles-0, 45, and 90 deg. The reported mean intercept length is the average of all test lines measured. [32] The analysis involved the measurement of 50 ferrite and retained austenite grains.
Microstructural observations were done by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The TEM foils were prepared as follows. First, the sheets were thinned to a thickness of 70 lm using 1200 grit SiC grinding paper. The disks of 3 mm were cut from the thinned sheets and electropolished with a Struers Tenupol jet polisher using a solution of 95 pct perchloric acid and 5 pct acetic acid operating at 70 V and a temperature of 286 K (13°C) for 50 seconds. After electro-polishing, the samples were rinsed in methanol before observation in a Philips EM 420 TEM operating at 120 kV. TEM was used for the observation and characterization of the precipitates, which were identified by selected area diffraction (SAD) and the size of precipitates was defined as an average of two perpendicular particle dimensions. The size of about 500 precipitates was measured separately in ferrite and austenite after the hot and cold rolling.
Equilibrium calculations and a single precipitate kinetic model [33] were used out to determine the volume fraction and size of the precipitates.
Selective chemical dissolution experiments were carried out on samples etched in hydrochloric acid and rinsed in methanol and subsequently placed in an electrolytic bath containing lithium chloride and salicylic acid diluted in methanol. Approximately 1.5 g of metal was dissolved using an applied current density of 20 mA cm À2 . Ti-containing precipitates were recovered by passing the electrolyte through an alumina filter of porosity 20 nm. The filter and precipitate residues were subsequently mineralized. Finally, inductively coupled plasma-mass spectrometry (ICP-MS) was used in order to compare the results with the calculated volume fractions of precipitates obtained by modeling.
The mechanical properties were determined by tensile testing on an Instron 5569 universal tensile testing machine with an initial crosshead speed of 45 9 10 À3 mm/s, which was increased to 45 9 10 À2 mm/s at a strain of 3.4 pct. The stress-strain curves were carried out to study the strainhardening behavior using the incremental strain-hardening coefficient, n incr , proposed by Sadchev. [34] In order to determine the exact volume fraction of retained austenite, which transformed to martensite during straining, interrupted tensile tests followed by X-ray diffraction (XRD) measurements using Cu Ka radiation were carried out. The retained austenite volume fraction of unstrained and strained samples was estimated by means of the direct comparison method using the (200)a, (211)a, (220)c, and (311)c peak intensities. [35] The Ludwigson-Berger relation was used [36] to quantify the strain-induced martensitic transformation kinetics. The model predicts the following strain dependence of the austenite-to-martensite transformation: 
Here V c is the volume fraction of retained austenite, V c0 is the initial volume fraction of retained austenite, k p is a constant related to the stability of retained austenite, and p is a strain exponent related to the autocatalytic effect. The exponent p is approximately 1 for multiphase low-alloyed TRIP steel. [37, 38] The higher the value of k p , the less stable the retained austenite.
The carbon content of the retained austenite was calculated using the position of the (220)c peak based on the formulas listed in Table II. The M s r temperature was measured by the singlespecimen temperature-variable tension test (SS-TV-TT) method [44] in the temperature range of 253 K to 303 K (À20°C to 30°C).
III. RESULTS
Ti-microalloyed TRIP steel had a finer microstructure than the reference TRIP steel. The grain sizes of ferrite and retained austenite, obtained from LePera and double-etching micrographs, are listed in Table III . In the case of the Ti-microalloyed TRIP steel, the retained austenite grain size was 0.8 lm, compared to 1.4 lm in the reference TRIP steel. The SEM micrographs ( Figure 4 ) show clear evidence of the influence of the addition of Ti on the microstructure of TRIP steel. In the case of the Ti-microalloyed TRIP steel, the austenite islands had a block-like morphology in contrast to the austenite islands in the reference TRIP steel, which were larger and more elongated. A typical microstructure for the cold-rolled Ti-microalloyed TRIP steel observed by TEM is shown in Figure 5 . In bright-field TEM observations of TRIP steel microstructures, the ferrite has a light contrast with a low dislocation density and the retained austenite has a darker contrast. Very fine ferrite grains, surrounded by retained austenite and bainite, were observed in Ti-microalloyed TRIP steel. Small precipitates were found in the ferrite. The bainite phase had a high dislocation density, and the austenite formed block-like aggregates surrounding the ferrite.
An equilibrium model was applied in order to calculate the dissolution temperatures of various Ticontaining precipitates and the amount of Ti present in solid solution after the reheating. Literature solubility products for Ti-containing precipitates were used in the calculations. [45] [46] [47] [48] [49] [50] [51] [52] [53] The solubility products of Akamatsu et al. [51] were used for TiC and TiN for both ferrite and austenite. In the case of Ti 4 C 2 S 2 , the solubility product given by Yang et al. [52] was used. Figure 6 shows the results of the calculation obtained by the equilibrium model. Precipitation of TiN and Ti 4 C 2 S 2 occurs at temperatures higher than the 1523 K (1250°C) reheating temperature. The dissolution temperature of TiN was 1778 K (1505°C), which is also the liquidus temperature of the steel. TiN precipitation is followed by the start of the precipitation of a small amount of Ti 4 C 2 S 2 at 1572 K (1299°C). The amount of Ti present as TiN and Ti 4 C 2 S 2 was calculated to be 150 ppm. The fact that the dissolution temperatures of TiN and Ti 4 C 2 S 2 were higher than the reheating temperature implies that these compounds were not in solution during reheating. The amount of Ti available for further [39] [40] [41] [42] [43] a c , in nm C c , wt pct References (a c À 0.35780)/4.40 9 10
À3
Zarei Hanzaki et al. [39] (a c À 0.35720)/3.30 9 10
Ruhl [40] (a c À 0.35550)/4.40 9 10
Cullity [41] (a c À 0.35467)/4.67 9 10
Nishiyama [41] (a c À 0.35700)/3.80 9 10
Onink [43] Table III. The Grain Size of the Ferrite and Retained Austenite
Reference TRIP steel 3.4 ± 0.6 1.4 ± 0.1 Ti-microalloyed TRIP steel 1.9 ± 0.1 0.8 ± 0.1 precipitation after reheating was, therefore, approximately 700 ppm. TiC precipitation started at 1492 K (1219°C), and the precipitation was complete at about 1073 K (800°C). In order to obtain more precise results with respect to the TiC precipitation, an one-dimensional single-particle kinetic model [33] was used. As the precipitate growth model does not include the nucleation process, the radius of the pre-existing nuclei was assumed to be 0.1 nm. The precipitate distance was determined from TEM micrographs taken after the hotrolling stage, and an average value of 150 nm was taken as input for the calculations. The calculations were carried out for the hot-rolling stage for the austenite phase only. During coiling at 873 K (600°C), a 50 pct ferrite + 50 pct pearlite microstructure is formed. Bearing in mind that pearlite is a mixture of ferrite and carbides, the calculation was performed for the ferritic phase only. The dissolution of the TiN and Ti 4 C 2 S 2 precipitates was clearly not complete during reheating: 17.6 pct of Ti was still tied up in these precipitates after reheating. The model calculation also showed that 76 pct of Ti was precipitated after the hot-rolling stage, i.e., the model predicts that the TiC precipitation is expected to take place during the hot rolling. According to the precipitation kinetics model, almost no precipitation took place during coiling at 873 K (600°C). The amount of Ti precipitated was 78 pct and the diameter of TiC precipitates was 20 nm. The experimental measurement by ICP-MS of the amount of precipitated Ti after coiling gave a value of 80 pct. This experimental result was used as input for the model calculations of the intercritical annealing stage.
The TEM micrograph taken from a ferrite grain in the hot-rolled Ti-microalloyed TRIP steel is shown in Figure 7 . As no TiC precipitation is expected at the coiling temperature, this precipitation state is representative of the conditions after the hot rolling. Two different types of Ti precipitates were identified by SAD: TiN and TiC. Some of the TiC precipitates had a clear crystallographic orientation relationship with the ferritic matrix: (100)a // (100)TiC and [010]a // [011]TiC. This relationship was originally reported by Baker and Nutting. [46] The TiN precipitates had a diameter of 71.9 ± 2.9 nm, and the diameter of TiC precipitates was 16.8 ± 0.8 nm.
Table IV and Figure 8 give the calculated carbon content of the phases and the volume fraction of TiC in ferrite and austenite during IA and IBT. The calculations show that, during intercritical annealing, the TiC precipitation continues in the ferrite and that a higher volume fraction of TiC is achieved in the ferrite compared to the austenite. No precipitation is predicted for the IBT stage. The amount of Ti precipitated during the IA stage was calculated to be 90.5 pct. The ICP-MS measurements revealed that Ti was fully precipitated Table V shows the initial volume fraction and carbon content of the retained austenite as measured by XRD. The reference TRIP steel had a higher volume fraction of retained austenite compared to the Ti-microalloyed TRIP steel. This suggests that the Ti-microalloying influences the TRIP effect by changing the particle size and the amount of retained austenite. The retained austenite of the Ti-microalloyed TRIP steel had a slightly lower C content compared to the retained austenite in the reference TRIP steel. Figure 9 shows the results of SS-TV-TT tests. The results show that the M s r temperature is 283 ± 5 K (10 ± 5°C) for the reference TRIP steel and 288 ± 5 K (15 ± 5°C) for the Ti-microalloyed TRIP steel. The strain dependence of the retained austenite volume fraction is shown in Figure 10 . The stability of retained austenite was evaluated using the k p values calculated using the Ludwigson-Berger equation (Figure 11 ). As a high k p value corresponds to a low stability, the austenite in the Ti-microalloyed TRIP steel was found to have a slightly lower stability against stress-induced martensite transformation.
The mechanical properties of the investigated TRIP steels are listed in Table VI . As expected, the Ti microalloying resulted in a higher strength. Figure 12 shows the engineering stress-strain curves along with the n incr value vs true strain for both investigated TRIP steels. It can be seen that the n incr value decreased gradually during straining. The Ti-microalloyed TRIP steel had a lower n incr with a more pronounced strain dependence.
In order to calculate the increase in yield strength of the Ti-microalloyed TRIP steel due to precipitation, it is important to determine which type of precipitates contribute to precipitation hardening. As the TiN particles were too large in diameter, they were not expected to contribute to an increase in yield strength. The TiC precipitates were small enough to effectively strengthen the steel. TiC forms are very hard precipitates (HV = 3200), which cannot be sheared by dislocations. Their diameter is very small (<4 nm). [54] Hence, the Orowan dislocation looping mechanism [55] applies in this case. [28, 56] The contribution of TiC precipitates to the yield strength increase Dr P (MPa) was computed by means of the following equation: [55] [56] [57] [58] 
where M is the Taylor factor in ferrite (M = 2.53); b, the size of the a/2h111i burgers vector for a dislocation in ferrite (b = 0.248 nm); G, the shear modulus in ferrite (G = 83 MPa); T, the dislocation line tension (1/ 2 Gb 2 ); f, the volume fraction of the precipitates (f = 9.6 9 10 À4 ); and R s , the mean precipitate radius (R s = 11 nm). The corresponding precipitation strengthening is 160 MPa. Taking into account the fact that the precipitation strengthening is limited to the ferrite phase, which has a volume fraction of 60 vol pct, the actual contribution of the precipitation strengthening to the yield strength of the Ti-microalloyed TRIP steel accounts for 96 MPa. Ti-microalloying also results in a refinement of the ferrite grain size from 3.4 to 1.9 lm (Table III) . The strengthening as a consequence of grain refinement Dr d (MPa) can be estimated by means of the well-known Hall-Petch relation: [59, 60] 
Here d is the ferrite grain size, in lm, and K¢ is the Hall-Petch coefficient, in MPa lm 1/2 . Reported values for K¢ are in the range of 100 to 600 MPa lm 1/2 depending on the chemical composition of the steel. [61] Using the aforementioned ferrite grain sizes, the increase in yield strength due to the grain refinement for the Ti-microalloyed TRIP steel is in the range of 18.3 to 109.9 MPa.
IV. DISCUSSION
From the SEM micrographs (Figure 4 ) it can be seen that the addition of Ti significantly refines the microstructure in Ti-microalloyed TRIP steel. The ferrite phase is refined due to the pancaking of prior austenite phase as a result of the retardation of static recrystallization. The hot rolling of austenite under these conditions introduces new ferrite nucleation sites in shear bands. [27] Moreover, the TiC precipitates also effectively pin the ferrite and austenite grain boundaries during intercritical annealing, thereby retarding their coarsening. As the ferrite phase is refined, the lowtemperature transformation products, bainite and retained austenite, are also refined. The addition of the microalloying elements influenced the morphology of the retained austenite. A clear blocklike morphology was obtained in the Ti-alloyed steel, whereas the retained austenite in the reference TRIP steel was more elongated. This might in turn influence the stability of retained austenite.
TiN and Ti 4 C 2 S 2 precipitation was expected at temperatures higher than the reheating temperature. Coarse TiN precipitates, with a precipitate diameter >70 nm, were found in the microstructure. No Ti 4 C 2 S 2 precipitates were observed by TEM. As Ti 4 C 2 S 2 has a very low precipitate density its presence in the microstructure cannot be excluded. The Ti 4 C 2 S 2 precipitation was, therefore, also included in the equilibrium precipitation calculations.
Both precipitate species retard grain coarsening during the reheating stage. Due to their larger diameter and small volume fractions, TiN and Ti 4 C 2 S 2 are not expected to influence the evolution of microstructure significantly during further processing of the Ti-microalloyed TRIP steel. The TiC precipitation must, therefore, be the main factor controlling the microstructure evolution during both rolling and annealing of the Ti-microalloyed TRIP steel.
The main questions arising for the precipitation state during annealing of the Ti-microalloyed TRIP steel are whether TiC precipitated in the earlier stages of processing will grow or dissolve during IA and whether further TiC precipitation will be possible during IBT.
As can be seen in Figure 8 , TiC precipitates grow during IA in both ferrite and austenite. Due to the lower solubility product of TiC and the higher diffusivity of both Ti and C in ferrite, the TiC precipitation proceeds faster and a higher volume fraction of TiC is precipitated in the ferrite than in the austenite. No TiC precipitation is expected during IBT at a temperature of 733 K (460°C).
The TRIP effect is controlled by the strain-induced austenite-to-martensite transformation. Below the M s temperature the chemical driving force is large and austenite transforms readily to martensite without any deformation. In the M s -M s r temperature range, the preexisting martensite nuclei can be activated by stress. [62] At the M s r temperature, the mode of transformation changes from stress-assisted to strained-induced transformation. At this temperature, the stress needed to initiate the martensitic transformation is equal to the yield strength of the austenite. Above M s r , yielding of the austenite initiates plastic deformation and the martensite nucleation is controlled by plastic strain. The straininduced transformation results in the formation of martensite, which is considerably stronger than the austenite phase it replaces. In addition, there is a volume expansion associated with the transformation. Both effects effectively suppress necking and lead to an increase of the uniform elongation. Above the M d temperature, austenite remains stable even when it is deformed plastically and no transformation occurs.
The austenite stability of TRIP steel must be adjusted so that room temperature is in the M s r -M d temperature range during straining. [32] The main parameters that determine the stability of retained austenite during deformation are the following: [11, [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] The C content of the retained austenite: C lowers the M s temperature and, therefore, stabilizes retained austenite. The optimal C content in TRIP steel has to be in the range of 0.5 to 1.8 wt pct in order to provide the desired TRIP effect. The higher the C content, the higher the retained austenite stability. The size of retained austenite islands: The M s temperature of most TRIP steels is above room temperature. The grain size of retained austenite is, therefore, a crucial additional stabilization factor. The grain size of retained austenite must be in the range of 0.01 to 1 lm to ensure the TRIP effect in low-alloy multiphase TRIP steel. Larger retained austenite particles may already be partially transformed to martensite in the initial microstructure or transform to martensite in the early stages of straining. Particles smaller than 0.01 lm do not undergo strain-induced transformation. [69] The volume fraction of retained austenite: The optimal volume fraction of retained austenite for a pronounced TRIP effect is reported to be in the range of 10 to 20 vol pct. [70] The stress state: As a result of the volume change associated with the transformation, the highest stability of retained austenite is achieved for unaxial compression and the lowest stability is expected for plane strain condition. Morphology and distribution of retained austenite in the microstructure: Sugimoto et al. [71] classify the retained austenite morphology into (1) isolated retained austenite islands lying in a soft ferrite matrix adjacent to or away from the other hard phases such as bainite or martensite and (2) retained austenite thin films existing along martensite or bainite lath boundary, or blocky retained austenite in these hard second phases. In the group (2), a higher hydrostatic pressure, resulting from the surrounding hard phase, constrains the volume expansion and shear deformation accompanied with strain-induced martensite transformation more than in the retained austenite classified in the group (1). Precipitates: Precipitation strengthening of the constituents surrounding the austenite islands increases the hydrostatic pressure and leads to an increase of the retained austenite stability. On the other hand, it has been reported that precipitates formed in retained austenite increase its yield strength. Figure 13 indicates that this lowers the austenite stability by the increase of the M s r temperature resulting from a reduction of the mechanical driving force for strain-induced martensite transformation, [72] Stacking fault energy (SFE): A low SFE results in a wider dissociation of the dislocations into Shockley partial dislocations. This is more favorable for the strain-induced martensitic transformation.
The addition of Ti influences all the above-mentioned factors in the following manner: The C content: It can be seen from the XRD results presented in Table V that the Ti-microalloyed TRIP steel had a slightly lower C content compared to the reference TRIP steel despite the fact that the Ti-microalloyed TRIP steel had a slightly higher total carbon content. TiC effectively stabilizes C. This explains the lower C content of the retained austenite in the Ti-microalloyed TRIP steel. This aspect is an austenite destabilizing factor in the case of the Ti-microalloyed TRIP steel. In addition, a lower Al content in the Ti-microalloyed TRIP steel may also influence the stability of retained austenite. At lower Al contents the T 0 line, which represents the C content in retained austenite at which the Gibbs free energies of ferrite and austenite become equal and no further driving force for the bainitic transformation exists, is reached earlier. This may additionally lead to the lower C content of retained austenite in the Ti-microalloyed steel compared to the reference material with a higher Al content. The size of the retained austenite islands: A smaller grain size of the retained austenite in the case of the Ti-microalloyed TRIP steel will increase its stability. The volume fraction of retained austenite: Table V shows that the volume fraction of retained austenite in the Ti-microalloyed TRIP steel is lower than in the reference TRIP steel. The lower volume fraction of the retained austenite in the Ti-microalloyed TRIP steel may have been caused by the pinning of the growing austenite grain boundaries during intercritical annealing by the precipitates. For both steels the volume fraction of the retained austenite falls between the 10 to 20 pct range, which means that there is a sufficient amount of sources for the pronounced TRIP effect to occur. The stress state: Both steels were tested in uniaxial tension. This parameter did, therefore, not influence the retained austenite stability in the present work. Morphology and distribution of the retained austenite in the microstructure: From the SEM and TEM microanalysis it was found that in the Ti-microalloyed TRIP steel the retained austenite was of a blocky type. The retained austenite of the reference TRIP steel had a more elongated morphology. In both cases, the retained austenite can be classified as belonging to group (1), which does not change the hydrostatic pressure acting on the retained austenite particles. Therefore, the retained austenite stability is not expected to be influenced by this parameter. Precipitation: TEM microanalysis revealed the extensive TiC precipitation in both the ferrite and austenite in the case of the Ti-microalloyed TRIP steel. The TiC precipitation in the ferrite increases its yield strength, which in turn stabilizes the retained austenite. In contrast, the TiC precipitates taking place in the retained austenite causes its destabilization. SFE: Ishida and Nishizawa [73] have reported that the addition of Ti, which is present in solid solution, increases the SFE in the austenitic Fe-17 pct Mn alloy. In the case of the Ti-microalloyed TRIP steel, Ti is entirely present as a precipitates. This means that Ti does not influence the SFE and the retained austenite stability was, therefore, not influenced by the SFE in the present work.
The influence of Ti on the stability of the retained austenite is summarized in Table VII . The addition of Ti influences parameters, which result in a higher stability; and other parameters will lower the stability of the retained austenite. The interrupted tensile tests followed by the XRD measurements showed that the Ti-microalloyed TRIP steel had a slightly lower retained austenite stability. A slightly higher M s r temperature of the Ti-microalloyed TRIP steel confirmed the results obtained by the interrupted tensile tests concerning the lower stability of the retained austenite. This clearly suggests that in the case of the Ti-microalloyed TRIP steel the destabilizing factors prevail. It has to be, however, pointed out that the investigated TRIP steel showed a very similar kinetics of strain-induced martensitic transformation, and that the lower retained austenite stability is very likely to be of very limited importance in industrial practice. This is also illustrated in Figure 14 , which compares the retained austenite stability data of the present work with reported literature data. [1, 74, 75] In the case of TRIP steels n incr is often taken as a measure representing the stability of retained austenite. In the present case, the n incr value decreased as a consequence of the addition of Ti resulting in a lower uniform elongation compared to the reference TRIP steel. This would tend to confirm that the stability of retained austenite against the strain-induced martensitic transformation is higher in the case of the reference TRIP steel. It must, however, be emphasized that besides the stability of retained austenite, there are also other factors influencing n incr : [76] [77] [78] [79] [80] Dislocation density: a higher dislocation density results in lower n incr values as a consequence of an increased interaction between dislocations, Ferrite grain size: smaller grain sizes causes a decrease of the n incr value, Precipitates: in addition to acting as obstacles against the motion of mobile dislocations, precipitates can also serve as the nucleation sites for void formation. Smaller void spacing results in an easier void linking, which in turn results in a decrease of the elongation.
The dislocation density is a key factor influencing n incr , either directly as there is a higher dislocation density after austenite pancaking, or indirectly by mechanical stabilization of retained austenite after hot rolling. [81, 82] The investigated TRIP steels were, however, cold rolled and subjected to intercritical annealing. This leads to the annihilation of dislocations. Therefore, the ferrite grain size, precipitates, and retained austenite stability are very likely the most significant factors influencing the strain hardening. As both the investigated TRIP steels showed very similar stability of retained austenite, the observed decrease of n incr , the uniform and total elongation in the case of the Ti-microalloyed TRIP steel must, therefore, result from the ferrite grain refinement and the presence of the precipitates. An increase of the yield strength of the Ti-microalloyed TRIP steel, arising from precipitation strengthening and ferrite grain refinement, was observed. Bearing in mind that ferrite is the first phase that deforms during straining, the precipitation, taking place in the ferrite, was considered to contribute to an increase in yield strength. Whether the primary precipitates, formed in the austenite, also contributed to the strengthening of steel is still unclear. [28, 54, 56, 83, 84] In this work, it was assumed that although these precipitates lose their coherence with the matrix after the austenite into ferrite transformation, they still act as effective obstacles against the motion of the dislocation in the ferrite and, therefore, contribute to the overall strengthening. The experimentally observed increase in the yield strength in the Ti-microalloyed TRIP steel compared to the reference material was 143 MPa. As the precipitation strengthening accounts for 96 MPa, the strengthening contribution from ferrite grain refinement should be 47 MPa. Therefore, the precipitation strengthening is the prevailing mechanism contributing to the increase of the yield strength for the Ti-microalloyed TRIP steel.
Due to the precipitation hardening caused by TiC precipitation during whole processing route of the Ti-microalloyed TRIP steel, ferrite grain refinement, and pronounced TRIP effect, a tensile strength of 973 MPa was achieved. The lower uniform and total elongation obtained in the case of the Ti-microalloyed TRIP steel reflects the decrease of the incremental strain hardening coefficient due to the ferrite grain refinement and pronounced TiC precipitation. However, the strength-ductility balance is exceptionally high for steel grades with a tensile strength close to 1000 MPa.
V. CONCLUSIONS
The main conclusions of the present contribution are as follows:
1. The addition of Ti refines the final microstructure of low-alloyed TRIP steel. This is caused by the pinning of the austenite and ferrite grain boundaries by the TiC precipitates during the processing. 2. The addition of Ti lowers the carbon content, grain size, and volume fraction of the retained austenite. In addition, Ti addition clearly changes the retained austenite morphology. These changes result in a slight but not significant decrease of the stability of the retained austenite in Ti-microalloyed TRIP steel. The M s r temperature increases by about 5 K (À268°C) and the kinetics of the strain-induced martensite transformation is slightly higher. 3. Precipitation strengthening by TiC precipitates is the main factor controlling the increase of the yield strength of Ti-microalloyed TRIP steel. This effect is more effective than the ferrite grain refinement. The decrease of n incr , and uniform and total elongation observed in the case of the Ti-microalloyed TRIP steel is mainly due to the ferrite grain refinement and the presence of numerous TiC precipitates, rather than a reduction of the stability of the retained austenite. 4. A tensile strength of 973 MPa and a total elongation of 22 pct was achieved for the Ti-microalloyed TRIP steel. Despite a lower uniform and total elongation compared to the reference TRIP steel, the strength-ductility balance of the Ti-microalloyed TRIP steel is still exceptionally high for a steel grade with a tensile strength close to 1000 MPa. 
